
IEEETRAh”SA~lONSONGEOSCIENCE AND REMOTE SENSING, VOL. 30> NO. 5. SEPTEMBER 19Y2 871

Remote Sensing of Water Vapor
in the Near IR from EOS/MODIS

Yoram J. Kaufman and Bo-Cai Gao

Abstract— Remote sensing of the total column water vapor
(in cloud free conditions) from the proposed MODIS instrument
on the NASA’s Earth Observing System requires special “water
vapor” channels in the near infrared (IR). By using 2 near-IR
“water vapor” channels (0.905 ;~m and 0.940 ~m) in addition
to existing “window” channels (0.865 pm and 1.24 pm), it will
be possible to derive the total column water vapor amount from
MODIS data. A ratio of the measured radiance in an absorbing
channel at 0.940*0.025 pm or 0.905*0.015 ~m to that in a
nonabsorbing channel at 0.865*0.020 pm is proposed to retrieve
the column water vapor over land.

LOWTRAN-7 code was used to simulate remote sensing of
water vapor over 20 different surface covers. The simulation
was used to optimize the water vapor channel selection and to
test the accuracy of the remote sensing method. The channel
selection minimizes the uncertainty in the derived water vapor
due to variations in the spectral dependence of the surface
reflectance. The selection also minimizes the sensitivity of the
selected channels to possible drift in the channel position. In
a sensitivity analysis it is shown that the error in the directly
derived water vapor amount is *13%. The use of additional
MODIS channels reduces the errors due to the effect of haze,
subpixel clouds and uncertainties in the temperature profile to
*7%. Remote sensing of the variation of water vapor from day to
day will be more accurate, because the surface reflectance vary
slowly with time. The method was applied to Alrbome Visible
Infrared Imaging Spectrometer (AVIRIS) data acquired from the
NASA-ER2 aircraft and compared with other measurements.

I. INTRODUCT1ON

F requent global determination of the distribution of total
precipitable water vapor is important to increase the un-

derstanding of the hydrological cycle, biosphere–atmosphere
interactions, the energy budget, and for monitoring climate
change due to the greenhouse gases. For example, climate

model calculations have shown that water vapor, a greenhouse
gas, generates a positive feedback that accelerates the warming
trend due to COZ and other greenhouse gases, and therefore
increasing the climatic impact of fossil fuel consumption [3],
[25]. The complex interaction between water vapor, aerosol,
and clouds makes it very difficult to quantify the water vapor
feedback without further systematic measurements of water
vapor, aerosol, and clouds [32]. It is interesting to monitor
the spatial variability of water vapor down to the cloud scale,

as shown from aircraft measurements [16]. It is of particular
importance to monitor seasonal and annual changes in the
precipitable water on regional scales in order to monitor
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drought conditions and desertification processes. The sparse

location of ground monitoring stations, especially in dry areas,

calls for an accurate remote sensing technique that can provide
water vapor information on a daily basis with a high spatial

resolution (e.g., 1–5 km from MODIS).
Present infrared sounders [4], [5], [22], [29] are capable

of retrieving water vapor profiles as a byproduct of remote

sensing of the atmospheric temperature profiles. The derived

water vapor profile depends in part on the initial guess for

the temperature and moisture profiles assumed in the inver-

sion [14], being particularly sensitive to the assumed profiles
close to the surface [27]. As far as we know, no systematic

comparison between total precipitable water vapor derived by

inversion of the HIRS/MSU data and radiosondes measure-
ments has yet been published. Unpublished data (Susskind,

private communication) indicates absolute accuracy of 20%.

Recently collected radiosondes (21 cases) and sunphotometer

(57 cases) measurements of total precipitable water over the
Sahel [13] in Africa, indicate virtually no correlation (r2

between 0.01 and 0.28) with precipitable water derived from

HIRS/MSU [17]. A similar approach which alternatively uses

microwave data over the oceans is able to retrieve water vapor

amounts with errors of the order of 10% [23]. This method has

not been applied over land due to the variability of the land

microwave emissivity.

Chesters et al. [4] retrieved precipitable water vapor from

the VISSR Atmospheric Sounder, using an a priori estimate

of the mean air temperature from radiosondes data. With this

temperature estimate they found a correlation, r, between

the derived wateI vapor and the radiosondes measurements
of r = 0.27 in one case and 0.43 in a second case, with
an RMS error of 1 g/cmz in both cases. Kleespies and

McMillin [22] developed a split window technique that utilizes

tempemture variation in a heterogeneous terrain. They found

a correlation above 0.7 between the in situ and retrieved
water vapor. For water derived from the AVHRR the standard

error was 0.4 g/cm2. Due to these difficulties with the remote

sensing techniques, Birkenheuer [1] renormalized retrieved

water vapor from VISSR-VAS by microwave measurements

of water vapor from the ground. In arid regions where the

difference between the surface temperature and the boundary

layer temperature is large (e.g., the Sahel region during the

afternoon), a high correlation was found between the infrared

sensitivity to total precipitable water vapor and sunphotometer
measurements of water vapor [17]. The infrared sensitivity to

precipitable water vapor used in this case is the difference

in the apparent temperature between the 1l-pm and 12-pm
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channels of the AVHRR. In other regions the correlation
is lower and the slope and intercept are different due to
the different surface conditions (Eck and Holben, personal
communication).

From theoretical considerations it follows that if the ap-

parent surface temperature [resultant from the actual skin
temperature and emissivity) is about equal to the average
temperature of the boundary layer, where most of the water
vapor usually reside, infrared and microwave remote sensing
will not be sensitive to the boundary layer water vapor. In this

case, any IR or microwave photon emitted from the surface
and absorbed by water vapor in the boundary layer, will be
reemitted from the boundary layer, thus having little effect on
the upwelling radiance. Therefore, though remote sensing of
water vapor from the EOS-AIRS/MHS instrument is expected
to yield accurate profiles of water vapor above the boundary
layer, it is expected that the transmission of the solar radiation
in the near IR will be more sensitive to the total precipitable
water vapor.

In this paper, we propose an optical technique that utilizes
the solar radiation reflected by the surface for remote sensing

of water vapor from the Moderate Resolution Imaging Spec-
trometer (MODIS) onboard NASA’s planned Earth Observing
System. The technique can be applied to images acquired over
land areas over cloud free pixels. A difference between the
total precipitable water derived from the near-IR MODIS-
N channels and the water vapor in the upper layers of the
atmosphere derived from the IR and microwave channels on
AIRS/MHS or MODIS will enable an accurate estimate of the
water vapor in the boundary layer. This will enable the study of
the interaction of water vapor with the earth’s vegetation, soils

and inland water bodies, with atmospheric aerosol and clouds.
Remote sensing from MODIS will enable the determination

of water vapor with spatial resolution of 1–5 km.
Remote sensing of water vapor from ground-based transmis-

sion measurements in and around the near IR absorption bands
has been reported [6], [11], [26], [35]. These measurements
were based on observations of the transmitted sun light in
a channel that corresponds to the water vapor absorption
band (0.94 ~m) and nearby channels in atmospheric windows

(0.87 ~m and 1.03 Urn, [26]). Column water vapor has also
been retrieved from high spectral resolution (10 nm) aircraft

measurements [33] of reflected solar radiation near 1 pm [10].
The column water vapor is derived by performing a curve
fitting of the observed spectra, with calculated spectra in the

0.94-#m and 1.14-wm water vapor band absorption regions
with a nonlinear least squares techniques. The precision of the

retrieved column water vapor is 590 or better for small concen-

trations of atmospheric aerosol. This technique is applicable
to High Resolution Imaging Spectrometer (HIRIS) [12].

A differential absorption technique for remote sensing of
water vapor from space was suggested by Frouin ef al. [8],
[9]. In this technique, two water vapor channels centered at
the same wavelength of 0.94 pm but having different widths
(of 17 nm and 45 nm) were selected. The two channels have

different sensitivities to changes in the amount of atmospheric
water vapor. The ratio of the radiances from the two channels
is nearly independent of the surface reflectance. The derived
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Fig, 1. Spectral transmission of the midlatitude winter and summer atmo-
spheres in the presence of water vapor (solid lines) and aerosols (dashed lines).
Computations were performed using the LOWTRAN-7 model, for a slant path
through the atmosphere of 45”. The shaded rectangles in the bottom of the
figure show the location of the MODIS-N water vapor channels and of the
window channel that are used in tbe analysis.

total amount of water vapor from the channel ratio has a
precision of approximately 15%.

The MODIS instrument [28] has a substantially lower spa-
tial and spectral resolution (spatial resolution of 1 km) than the
HIRIS instrument (continuous spectrum with 30-m resolution
— [12]), but as a result will have a frequent global coverage.
Water vapor has a high spatial and temporal variability; there-
fore, in order to study the biosphere–atmosphere interaction

and its relation to global change, global maps of water vapor
distribution should be generated, with a 1–5 km resolution on
a daily basis or every 2–3 days. For this purpose two new
channels were selected for MODIS-N instrument, designed
specifically to monitor the global distribution of water vapor,
over the land in cloud-free conditions. On MODIS-N a narrow
channel at 0.935 pm was also selected, for monitoring water
vapor in clouds (Arking, private communication). Over the
oceans water vapor can be measured with this technique only
for viewing close to the principal plane in the ocean specular
reflection, where glint reflection is present. In this paper, we
discuss the selection of spectral channels in the near IR which
are to be employed for the derivation of total column water
vapor.

II. REMOTE SENSING OF WATER VAPOR IN THE NEAR IR

The remote sensing method is based on detecting the

absorption by water vapor of the reflected solar radiation

as it is transferred down to the surface and up through the
atmosphere. The total vertical amount of water vapor can be

derived from a comparison between the reflected solar radia-
tion in the absorption band, and the reflected solar radiation

in nonabsorbing bands (see Fig. 1). The main uncertain y

in the determination of water vapor is in the prediction of
the surface reflectance in the absorption band. For surfaces
with weak spectral dependence, the surface reflectance in
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Fig. 2. The main spectra that were used in the simulation of remote sensing of water vapor from MODIS. (a) Soils, from top
to bottom on the left side of the figure (after Bowker et al., [2]): silica sand, Chilean nitrates, dry red clay, dry clay soil, dry
sandy soil, sand, wet red clay, wet clay soil, wet sandy soil, and soil. (b) Vegetation, from top to bottom (after Bowker et al. [2]):
red pine needles, ponderosa pine needles, wheat, young wheat, mature wheat. (c) Snows, from top to bottom (after Bowker et al.
[2]): snow, fresh snow. (d) Normalized spectra, from top to bottom on the right side of the figure (after Bowker et al. [2]): dry
clay soil, wet red clay, silica sand, red pine needles, snow, grass.

the absorption band can be estimated from its values in
the nonabsorbing bands (or one band), and the water vapor

content can be estimated from the measured radiance in

the absorbing channel. For a complex and variable surface
reflectance spectrum, more window channels are required

to “predict” the surface reflectance in the water absorption

channel, and less accuracy can be expected. The selection of

water vapor channels for MODIS is particularly difficult, since

a minimum number of special water vapor channels should be

used. In Fig. 1 the atmospheric transmission in the 0.8 pm–l. 1
~m range is plotted for two atmospheric models with different
amounts of water vapor. Note the location of the atmospheric

windows in the 0.86-~m and 1.05-pm region. The rich water
vapor spectrum offers a variety of possibilities, from a strong

absorption in a narrow channel around 0.935 ~m (used on
MODIS to detect water vapor in clouds), to more moderate

absorption around 0.954.97 pm and to a weaker absorption

1’ around 0.91 Vm.
Remote sensing of water vapor can be based on a ratio

1,
of absorbing to nonabsorbing channels (e.g., a ratio of the
measured radiation at 0.94 pm to that at 0.86 #m), or on a

ratio of a strongly absorbing channel (e.g., a narrow channel
centered at 0.94 pm) to a moderately absorbing channel (e.g.,

a wide channel centered at 0.94 ,um). We have found that
the later technique, proposed by Frouin etal. [8] reduces

significantly the effect of surface reflectance on the channel
ratio, but also reduces significantly the sensitivity of the

channel ratio to water vapor. A detailed comparison between
this method and the methods suggested for MODIS-N is

described in Section 11.F.

A. Surface Characteristics and the Remote Sensing Technique

Surface reflectance spectra have been reviewed by Bowker
et al. [2]. This reference provides a wide selection of surface
spectra in a numerical form that can be easily implemented
for remote sensing simulations. Figs. 2(a-c) shows the main
spectra (in the 0.8 pm–l.1 ~m range) that were chosen for
the simulation in this paper. In Fig. 2(d) selected spectra

were normalized, by dividing the spectral reflectance by the
reflectance at 0.8 ~m. For some surface covers (e.g., silica soil)
the reflectance varies almost linearly with wavelength. For this
type of cover the best remote sensing technique can be based
on a linear interpolation of the surface reflectance between two
channels around the water vapor absorption channel. For other
surface covers (e.g., dry clay, wet red clay) the reflectance at
0.94 ~m is similar to the reflectance at 0.86 pm and much

higher at 1.05 ~m. Therefore, an assumption that the surface
reflectance at 0.86 ~m is equal to the reflectance at 0.94
~m would be better in this case. Other surface covers have
rather erratic reflectance in this spectral range (e.g., red pine

needles), and may cause larger errors in remote sensing of
the water vapor in any approach. It should be noted that it is
anticipated that some errors are present in the spectra compiled
by Bowker et al. [2]. For example, the reflectance spectra
of different kinds of fresh leaves should have liquid water
absorption bands centered around 0.99 pm. Fig. 2(b) indicates,
however, that the location of the water spectral features varies
from 0.94 to 0.99 pm. Despite this inconsistency, the spectra

compiled by Bowker et al. [2] provide a starting basis for
taking account of surface reflectance on the remote sensing
technique.
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TABLE I
SURFACE REFLECTANCE (AmER BOKER ET AL,,[2]) AND RATIOS:

= (}0.94/po ~(,,. R1 = po.94/(0. G{)o s(, + 0.4PI [)5), AND R~ = PO.941(0.8P0,SC + 0.2PI 24)
—-------— ——-. —---------------------- —————--- -----

SURFACECOVER SURFACSREFLEC2’ANCES Reflectance RA’rlos
/ WAVELEN~ b} u KE x R~_ _E2— K*

“e8*ti0n
BARLEY 0.298 0.288 0.319 0.276 0.966 0.940 0.981
BEAN LEAF 0.419 0.416 0.414 0.412 0.993 0.998 0.9%
DEHYDRATED BEAN LEAF 0.- 0.408 o.41m 0.406 0.998 0.999 0.999
BEANS o.3ffi 0.351 0.368 0.315 0.959 0.957 0.987
C~N 0541 0537 0.5W 0.492 0.993 1.021 1.011
FALLOW FIELD 0.267 0.257 0.226 0.963 1.026
OATS 0.250 0.236 0.251 0.236 0.944 0.942 0.955
WHEAT 0547 0514 0.571 O.w 0.940 0.923 0.954
MATURE WHEAT 0.275 0.27S O.m 0.324 1.Jco 0.953 0.966
WHEAT STUBBLE Om 0.223 0.203 0.957 l.m
BIRCH LEAVES 0.687 0.699 0.7Q3 O.fiz 1.017 1.W 1.025

0.458 0.458 0.458 0.447 1.W 1.m 1.Ix15
SILVER MAPLE Om 0.494 Om 0.487 0.988 0.988 0.993
OAK 0.622 0.635 0.676 1.021 0.987
WE OAK 0.343 0328 0.369 0.289 0.956 0.928 0.987
DEAD PENDEROSA NEEDLES 0.559 0.611 0.653 1.093 1.024
PENDER08A PINE NEEDLSS 0.616 0599 0.620 0.526 0.972 0.970 1.m
RED PLNE 0.775 0.744 0.764 0.960 0.965
RSD SPRUCE
CRASS
GRASS
PRICKLYH
AVERAGE VEGETATION

D VEG ETATION

rA?ALT
GRAY BASALT
RED CLAY
WE7 ED -Y
QUARTZ
G~
GRAVEL
LIMESTONE
UNAL-D ROCK
BEACH SAND
CARBONATE BEACH SAND
G~UM SAND
DRY SILT
WET SILT
SOIL
SOIL
DRY CLAY ~lL

0.769 0.72s 0.838 0.943
0319 0.291 0.251 0.912
0.658 0.639 0.670 0554 0.971
~ ~ Oa ~ m
0.460 0.450 0.468 0.403 0.970

mm==-

0.217 0.214 0.211 0.231 0.986
0.182 0.161 0.153 0.172 0.885
Ow 03% 0.444 0.519 1.042
0.214 0.217 0.219 0.302 1.014
0.250 0.253 0.262 0.290 1.912
0.492 0.491 0.513 0.=8 0.998
0.325
0353
0.376
0.405
0.541
0.430
0.482
0.2C0
0.094

0.390
0.4s3
0.293
0.462
0.550
0.388
0597
0.265
0.162

0.9s1
1.057
Looo
1.030
1.022
0.991
1.056
1.070
1.138

0.29S 0.310 0.331 0.36s 1.051
0.323 0.343 o.4m 0309 1.Wz

WET CLAY WIL 0.145 0.154 0.188 0.246 1.062
DRY LAm 501L ~~=~~
AVERAGE SOIL
SD SOIL 0.123 0.126 0.133 0.134 0.053

0.910
0.%7
O.w
~
0.969

~

0.997
0.945
0.976
1.005
0.993
0.981
0.977
1.001
0.993
1.rol
1.W
0.%7
1.W3
1,m
0.983
1.)02
0.%9
0.949

~
0.987
0.019

0.974
0.894
0.971
0.937
0.981
0.976
0.914
1.OUO
0.988
l.rQl
1.019
1.010
1.0Q8
1.005
0.994
1.003
0.952
0.932

m
0.977
0.035

AVERAGE ALL 0.391 0.388 0.407 0.385 0.994 0,977 0.979
SD ALL 0.170 0.169 0.181 0.137 0.059 0,036 0.035

that surface covers can have a variety
of possible spectral dependencies in the 0.8 ~~m–1.1 ~~m
spectral range. As a result, it is difficult to derive the best
remote sensing approach in a systematic logical way. An
empirical approach is used in this paper, based on 41 surface

cover spectra, taken from Bowker et al. [2]. The reflectance
of these surface covers in the water vapor absorption band
(0.94 ,um) and in nearby atmospheric windows (0.86 ym,
1.05 pm, and 1.24 pm) is tabulated in Table I and plotted
in Fig. 3. The ratio of the actual reflectance in 0.94 pm to the
predicted reflectance in this band is also tabulated in the table.
Three different approaches for the prediction of the surface

reflectance in the 0.94 ~m band are tested:

1. assuming the reflectance at 0.94 ~m equals the re-
flectance at 0.86 pm,

2. assuming that the reflectance at 0.94 ~m can be linearly
interpolated from the reflectance at 0.86 &m and 1.05
pm, and

3. assuming that the reflectance at 0.94 j~m can be linearly
interpolated from the reflectance at 0.86 ~m and 1.24

pm.

The first and last approaches would require only one special-
ized “water vapor” channel on MODIS at around 0.94 pm,

since the 0.86-pm and 1.24-pm channels are already included

in the MODIS design [28], while the second approach would

require two additional channels.

The average and standard deviation of each group of surface

covers are also given in Table I. An average ratio different than

1.0 (ratio between the actual reflectance at 0.94 pm and the

predicted reflectance) can easily be accounted for, provided

the surface covers in Table I do represent the global land

covers. In this case, the standard deviation in the reflectance

ratio is the remaining cause of errors in the remote sensing

technique. All three methods show similar results, with the

linear interpolation methods scoring the best (for both 1.05

~m and 1.24 &m) with standard deviation of 0.035 (for all

surface covers). The simple two-channel ratioing technique

has a standard deviation of 0.059. Therefore, the error due to

uncertainty in the surface reflectance, is expected to be half

in the linear interpolation techniques from that in the simple

ratio technique. It is also concluded that there is no need to add

the 1.05-pm channel to the MODIS channels, and the remote

sensing technique can be based on a simple reflectance ratio, or

on linear interpolation of the reflectance between 0.86 ~~mand

1.24 pm. It is possible, however, that a different set of surface

reflectance spectra, would result in somewhat different results.

Due to the small difference between the performances of these
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Fig. 3. Ratio between the actual reflectance in the 0.94-/1 m channel and the
predicted reflectance in this channel, as a function of tbe reflectance in the
0,94-pm channel. (o) — assuming that the reflectance at 0.94 ~m is equal
to the reflectance at 0.86 pm, (+) — assuming that the reflectance at 0.94
pm can be linearly interpolated between the reflectance at 0.86 ~ m and the
reflectance at 1.05 pm, (D) — assuming that the reflectance at 0.94 ~m can
be linearly interpolated between the reflectance at 0.86pm and the reflectance
at 1.24 pm. (a) Vegetation surface covers. (b) Soil surface covers.

techniques, and the simplicity of the simple ratio technique,
we shall concentrate on the simple ratio method. The apparent
reflectance at the top of the atmosphere in a given water vapor

band is divided by the apparent reflectance in the atmospheric
window, given by the MODIS-N band of 0.845-0.885 ~m. A
simple remote sensing method can provide a faster operation,

as well as smaller errors from other sources like the presence
of subpixel clouds, inaccuracies in registrations, etc.

C. Optimization of the Channel Selection

Optimization of the water absorption channel in the 0.94

pm region, is based on the two-channel ratio. Computations
of the upward radiance in the two channels are performed
using surface reflectance spectra from Bowker et al. [2] and
the LOWTRAN 7 atmospheric radiance code. This code uses
an approximate treatment of multiple scattering to account for

aerosol scattering. Fig. 4 shows several options for the channel
selection, In this figure, the ratio:

TW(940/865) = p:.g15–0,965/~:,845 –O.885 (1)

is plotted as a function of the amount of water vapor in the
vertical column, where P* is the computed apparent reflectance
at the top of the atmosphere for the specified channel. The
apparent reflectance is defined as the ratio between the actual

upward radiance, and the radiance for a perfect Lambert
reflector with reflectance of 1.0 and without the atmosphere.
In Fig. 4, the average value and the standard deviation of

1.0

0.8

0.2

,

.

o 1 2 3 4 5

Precipitable Water (cm)

Fig. 4. The dependence of the reflectance ratio T,.,, defined as the ratio
between the radiance in a water vapor absorbing channel and the radiance
in the nonabsorbing channel around 0.865 jtm (0,845-0.885 jtm), on the
amount of water vapor in the vertical column W. (o> absorbing channel at
0.890-0.920 pm; (o)-- absorbing channel at 0.9154.965 pm; (o)- absorbing
channel at 0.93H.940 ~m. TW is computed for 7 vegetation covers, 15 soil
covers, and 2 snow covers, all from Bowker et al. [2]. The amount of water
vapor was varied by using the six atmospheric models of LOWTRAN-7. The
solar zenith angle is 40° and the view is at nadir. Tbe amount of water vapor in
the atmosphere for each atmospheric model was taken from Tanr6 et al. [31].
The solid lines are the best exponential fits to T,o as a function of ~ (4).

TW is plotted for 7 vegetation covers, 15 soil covers, and
2 snow covers, all from Bowker et al. [2]. The amount

of water vapor was varied by using the six atmospheric
models of LOWTWN 7 from 0.4 cm of water vapor for
subarctic winter atmosphere to 4.1 cm for tropical atmosphere.
The amount of water vapor in the atmosphere for each

atmospheric model was taken from Tanr6 et al. [30]. Note that
the variation of atmospheric models involves also variations in

other atmospheric parameters (e.g., temperature profile), thus
simulating natural atmospheric variability. For comparison
the ratio Tw is also plotted for a less absorbing

0.890-0.920 ~m:

Tw(905/865) = p;,8g-0,92/~:,845 -O.885

a strong absorption channel at 0.93 M.940 flm

channel at

(1’)

TW(935/865) = p;.g3–o.94/p:.845 –O.885. (l”)

These channels were also selected for MODIS and will be
discussed in the next section.

Optimal channel selection is determined by minimizing
errors in Tw due to the uncertainty in the surface cover ATW.
For a given total precipitable water vapor W, the main error

in W results from the uncertainty in Tw due to variation in
the ratio of the surface reflectance in the two channels and is

given by the standard deviation in the value of Tw for all the
surface covers m[TW]. This uncertain y (or the noise in Tw )
is normalized by the signal, the change in the channel ratio

(T~I – T~z) for two values of W, WI and Wz. For the range
of precipitable water vapor used in the AFGL atmospheric
models of LOWTM 7 (Wl =0.4 and W2 =4.1 cm water for
the subarctic winter and the tropical atmospheres) the ratio
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Fig. 5. (a) The dependence of LT,, on lhe spectral location of the lower
bound of the water vapor spectral channel (A-LA/2), for several widths of
the absorption channel (LA = 10 to 60 rim), where A is the spectral location
of the center of the channel. AT,, is defined as the ratio between the error
in the water vapor signal to the signal itself, for a variation in the amount of
water vapor from 0.4 cm water to 4.1 cm water. (b) Same as in (a) but for
the function LT,~,, that includes the effect of a shift in the spectral channel
of the water channel.

AT., is given by:

~ [Tu(~, I cm mater)
ATU> =

1
[T,,(~.iCIIL \V~t(,, – T,,(J.I crn water) 1

(2)

where TU,, (i stands for the amount of precipitable water vapor)
are averaged for all the surface covers. The sensitivity of T~,
to smaller changes in the total water vapor are discussed later
in the paper in connection to Table III. The dependence of

ATU on the selected water vapor channel is shown in Fig.
5(a). In this figure ATU is plotted as a function of the lower
bound of the spectral channel (A-A~/2), for several widths

of the channel (AA = 10 to 60 rim), where A is the spectral
location of the center of the channel. For small AA a lower
error due to the uncertainty in the surface reflectance — ATU,

can be achieved.

A second requirement on the channel selection is that it
should be rather insensitive to small variations in the spectral
response of the remote sensing system. In Fig. 5(b) a second
error formula is given, ATJ, that includes errors due to
uncertainty in the location of the spectral channel. In this
case, in addition to the error due to uncertainty in the surface

reflectance properties, given by oITW ], the effect of uncertain y
in the spectral location has to be introduced in (2). MODIS is

expected to have a spectra monitoring device that will be used

to monitor the spectral shift and correct for it. Therefore, it is
assumed that the position of the center of the channel can be
shifted anywhere between O and 5 nm, and its new position
can be monitored with an accuracy of *1 nm or better. As
a result in the definition of ATJ, the error of a shift of *1
nm is simulated by 20Yc of the error of a shift of 5 nm, thus
representing an average error of 1 nm on a spectral band of
5 nm.

Here o~ [TU,(4.1 cm water)] is the average error due to a
shift in the spectral channel by 5 nm toward higher or lower
wavelengths. The plots of AT., ancl ATZ in Fig. s can
be used for the selection of the channel position and width

(AA). Optimum channel selection should correspond to a
minimum value of ATW and/or ATJ. Based on this criterion
the 0.935–0.945 ~m channel would be selected. The wider

channels, though having 20% larger errors in ATJ, then the
10 nm channel, have several advantages not represented in Fig.

5. The higher signal through the wider channel increases the
signal to noise ratio (SNR) of the sensor. The signal through
the wider channel is not expected to saturate for large amounts
of water vapor as a narrow absorption channel would. As a
result the 50 nm wide water absorption channel (0.915-0.965
~~m) was chosen.

As shown in Fig. 4, the relationship between Tu and the

total precipitable water vapor (W) can be expressed by an
exponential formula. Moreover, due to the saturation of the
water vapor absorption [26], a square root of W is used as the
independent variable:

T~(940/865) = exp (a - Pm). r’ = 0.999 (4)

where r2 is the correlation. For a mixture of all surfaces a
= 0.020 and ~ = 0.651. Note that if the surface reflectance

would have been spectrally neutral, & would have been (Y= O.
Vegetation covers and soils have different spectral reflectance
in the near IR. As a result the coefficient a is different for
these two groups of surface covers: a = 0.012 for vegetation
and a = -0.040 for soil. Operational analysis of the MODIS

data for the precipitable water vapor can take advantage of
the simultaneous remote sensing of global vegetation index,
in order to reduce the errors in the derivation, by adjusting the
value of the coefficient a. Tw can also be defined as a function
of the precipitable water vapor along the optical path, W*. W*

is related to the total precipitable water vapor W by

( 1 1
W*=W —+— ) (T. = exp fi – [~~

Cos 0 Cos 00 ‘ )

(5)

where 19is the view zenith angle and Oo is the solar zenith
angle. The coefficients for the best fit to “T~,as a function of
W* for the MODIS water vapor channels are given in Table II.

D. Remote Sensing in Dry Conditions

The 50-nm wide, 0.940-~~m channel, was chosen, as an

optimal channel for remote sensing of water vapor in the



RAUFMAN AND GAO: REMOTE SENSING FROM EOS/MODIS 877

‘~~~;b) GIvENINEQ.5,T0THEC0MPUTEDREFLEcT*NcERAT10s W* IsTHELEAST SQUAREFIT APPROXIMATIONOFTHEEXPRESSION ~~ ( A 1. A1 ) = exp

WATER VAPOR CONTENT IN CM ALONG THE OPTICAL PATH. CHANNEL 1—A I Is THEWATER VAPCJRABSORPTIONCHANNELANDCHANNEL2—Az 1sTHEREFERENCE
WINOOW CHANNEL. THE VALUES OF P!-:p ~ AND VI jp~ I DEFINED IN EQ (~). ARE THE VALOES OF THE PATH AND TOTAL f’REclplTABLE W’ATER VAPOR FOR WHIIH THE

RESPECTIVE VALUE OF J REPRESEmS AN OPTIMALCHOICERESULTSARE GIVEN FOR NADIR (#=0°, tiO=40” ) ANDOFF-NADIR(6=60°, 0,,=60° ) VIEWS

————
view k, L2 a B correlation W ●OP WoPt

——______—___-————
nadir o.915-o.9fi5
off-nadir 0.915-0.965
nadir 0.890-0.920
off-nadir 0.890-0.920
nadir 0.930-0.940
off-nadir 0.930-0.940
nadir 0.930-0.940
off-nadir 0.930-0.940

—————--———---—————.-———-.——-————--- ———--——---
0.843-0.88s 0.036 0.426 0.999 5 2.4
0.845-0.885 -0.024 0.342 0.984 8 2.1
0.845-0.885 0.016 0.209 0.997 23 9.9
0.845-0.885 -0.003 0.181 0.989 30 7.6
0.845-0.885 0.043 0.760 0.999 1.7 0.7

0.84s-0.885 -0.110 0.537 0.986 3.5 0.9
0.915-0.965 0.029 0.332 0.997 9 3.9
0.915-0.965 -0.060 0.1% 0.970 26 6.5

-----------------------------------------------------------

presence of several cm of water vapor. For low water vapor
content (W << 1 cm water), the narrow channel centered at
0.935 pm (10 nm wide), originally selected for remote sensing

of water vapor in clouds is more sensitive. This can be seen
from Fig. 4, which shows the reflectance ratio, TW(935/865),

as a function of the amount of water vapor (l”). This channel
is recommended to be used in dry conditions. For a very small
water vapor content (W < 0.5 cm water) the main error in the
remote sensing procedure may result from uncertainty in the

spectral surface reflectance. To minimize this effect, a ratio of
the narrow channel at 0.935 pm to the wide channel at 0.940
~m can be used, following the technique of Frouin et al., [8].

This procedure is farther discussed in Section 11.F. For large

amount of water vapor the absorption in the 0.935-~m channel
saturates and the sensitivity to water vapor is small.

E. Remote Sensing in Humid Conditions

or for Slant Newing Directions

For water vapor amount much larger than 4 cm or for

slant view and illumination conditions, the strong absorption in
the proposed 0.915-0.965 pm channel can partially saturate,
resulting in lower sensitivity to water vapor. In this case, a
water vapor absorption band in a spectral range corresponding
to lower absorption (see Fig. 1) should be preferable. The
higher amount of water vapor is simulated using a low slant

path (solar zenith angle of 60° and view angle of 60°) for
4 cm water. Though for MODIS, solar zenith angles of 60°

corresponds to high latitudes, where high amount of water
vapor are unlikely, the present simulation accounts for large.
amounts of water vapor along the optical path and is still
represented by the AFGL atmospheric models. The results for

the function ATW are plotted in Fig. 6 for three water vapor.
channels with a 50-nm width, 30-nm width, and 10-nm width,

as a function of the location of the water vapor channel. The
arrows indicate location of the channels that are selected for
MODIS. The value of ATW for the three channels, increases as
a function of the wavelength, due to a larger variability of the
spectral surface reflectance across a larger spectral range from
the nonabsorbing channel at 0.865 pm. The selected channel
at 0.89–0.92 ~m for remote sensing of water vapor in humid

conditions, is located in spectral region with minimum values
of ATW. For this specific wavelength range, the upper and

1-=
u

0.15

0.10

t

:,..

0.05 1

0.88 0.90 0.92 0.94 0.96 0.98

Fig, 6. The function AT,, for off nadir view (solar zenith angle of 60° and
view angle of 60° ) for three water vapor channels with a 50-nm width (4), 30
nm width (+) and 10 nm width (o), as a function of the location of the water
vapor channel (A-A 1/2), defined in Fig. 5. The arrows show the location of
the selected 30-nm, 50-nm, and IO-rim channels, respectively.

lower bounds of the channel are located in spectral location
with minimum water vapor absorption (see Fig. 1), so that
small variations in the spectral location of the channel will
not generate a substantial change in the reflectance ratio Tw,.
The dependence of TW(905/865) on the amount of water vapor

is also plotted in Fig. 4. An exponential fit for the relation
between TW and the precipitable water vapor W (cm) is given

by expression 4 and tabulated in Table II.

F. Sensitivity of the Water Vapor Channels for

Nadir and Off Nadir Eewing “

The ratios TW for the selected channels for nadir and off

nadir view are plotted in Fig. 7. Plots are shown for nadir
view (0=0° and 0.=400), and for off nadir view (8=60° and
0.=600). The coefficients of the exponential fit of TW, as a
function of @ (5) are given in Table II. The reflectance
ratios Tw, are larger for off nadir view, resulting in smaller
slopes, ~, due to the stronger atmospheric effect of aerosol
scattering through this longer optical path.

From the analytical relations between T~, and W*, it is

possible to derive the optimum value of e, o~, that maximizes
the sensitivity of the channel ratio for a given range of W*.
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Fig. 7. Same as in Fig. 4 but for nadir view (solar zenith angle of 00=40°
— solid black lines) and for slant illumination and view direction (00= 60°
and view angle of @=60° — gray lines) as a function of the amount of water
vapor along the optical path W.

The sensitivity of TW to W* is given by the differential q:

The maximum value of q occurs for ~~ given by:

(6)

(7)

Therefore, a channel ratio with a given value of 8, optimizes
remote sensing of water vapor for a range of column water
vapor centered around W~pt.

W:pt= ~–z. (8)

In Table II the values of WJPt for each channel ratio are
tabulated with the corresponding values of the vertical column

water vapor Wept. The three water vapor channels on MODIS
do correspond, as expected to separate ranges of water vapor

(Wop,): under 1 cm - for 0.93-0.94 pm channel, around 2
cm – for 0.915-0.965 urn channel, and around 8 cm of water
vapor — for 0.89+.92 Urn channel.

The ratio of the spectral channels suggested by Frouin et al.

[8] are compared with the performance of the channels selected

for MODIS. In this method the channel ratio is computed
between a 17-nm channel and a 45-rim channel centered on the
0.94-pm absorption band. Thus the reflectance ratio is between
a channel with strong water absorption and a channel with
weaker water absorption. The method minimizes the effect of

spectral variation of the surface reflectance, but reduces also
the sensitivity to water vapor, especially in humid conditions.
The slope D for this method was 0.21 for nadir and 0.14
for off-nadir view. A similar method, though with higher
values of ~, can be applied for MODIS with the ratio of
the 0.93-0.94 pm channel to the 0.915-0.965 &m channel
(last two lines in Table II). If the spectral characteristics of
these two channels are known with high precision, then they
are preferable for dry conditions, where the effect of spectral
dependence of the surface reflectance may dominant the effect

of a smaller dependence on water vapor. For larger amounts
of water vapor the fast saturation of this method (see Fig. 7)
reduces significantly its accuracy.

III. ACCURACY

In this section several sources of errors in the retrieved water
vapor will be discussed. These includes:

1. Uncertainty in the spectral reflectance of the surface.
2. Uncertainty in the sensor calibration.
3. Effect of mixed pixels and clouds.
4. Effect of a shift in the channel location.

5. Uncertainty in pixel registration between several spectral
channels.

6. Uncertainty in the atmospheric temperature and moisture
profile.

7. Uncertain y in the amount of haze.

The uncertainties are discussed below, and summarized in
Table IV.

A. Uncertain@ in the Spectral Reflectance of the Surface

The uncertainty in the spectral reflectance of the surface
introduces an uncertainty in the reflectance ratio T=, given by

ATW. The effect of ATW on the error in the derived water
vapor, A W, depends on the sensitivityy of TW to water vapor,
which in turn depends on the total precipitable water vapor as
well as on the channels applied in the reflectance ratio. The
value of A W can be computed from the differential of TW as

a function of W

AW = ATW, (dTW/dW)-l. (9)

The slope dTU,/dW is computed from the firrite difference
between the values “of TW between each two atmospheric
models with consecutive values of water vapor, W, from

WI =0.41 cm for the subarctic winter model to WG=4. 1 cm
for the tropical model.

(lo)

where the differences are between water vapor content Wi and

Wj for consecutive atmospheric models i and j. In Table III
the uncertainty A W~j is tabulated, The optimum range of the
application of each reflectance ratio is indicated in Table III
by the lowest values of AW.

For nadir view and low water vapor content, the ratio of
the narrow to wide absorption channels T~ (935/940) results
in smallest errors, followed by the TW(940/865) ratio. Though
TW(935/940) is less sensitive to variation in surface reflectance

properties, the wide 0.94-~m channel should provide a better
instrumental signal to noise, and smaller sensitivity to uncer-
tainties in the spectral location. For off nadir view and large
water vapor content, the lowest errors are provided by the

TW(905/865) reflectance ratio, due to the weaker absorption in
this channel. The uncertainties in A W~j in Table 111for the se-
lected channel in each range of water vapor content are 6-12%.
These errors can be reduced by classification of surface covers

and application of the appropriate function Tw,(W) for each
one. A simple classification, between vegetation and bare soil,
can reduce the error by a third, due to the different value of TW

for vegetation and soils (see Section 11.C). Alternatively, the
error can be also reduced by 5070 using the 1.24-pm channel,
that reduces the standard deviation in TW from 0.059 to 0.035
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TABLE III
UNCERTAINTIESIN THE DERIVED WATER VAPORCONTENT3 W (cm) DUE TOUNCERTAINTYINTHESPEaRAL REFLECTANCEOFTHESURFACE,

FORFOURREFLECTANCERATIOSAND FIVE RANGESOFWATER VAPOR. ~E MEDIAN VALUE OF W IS GIVEN FOREACH RANGE.
-----------------------------------------------------------
ch-el 1/charmel 2 NADIR (8=0°, 9.=40”) OFF-NADIR (0=60°, 0.=60°)

W(cm) 0.60 1.10 1.80 250 3.50 0.60 1.10 1.80 250 3.50
___________________________________________________________
0.905/0.865 0.15 0.24 0.33 0.42 0.56 0.09 0.14 0.16 0.21 0.31
0.935/0.%5 0.08 0.12 0.14 0.15 0.20 0.06 0.18 0.36 0.71 1.25
0.940/0.865 0.13 0.19 0.26 0.29 0.37 0.08 0.13 0.20 0.34 0.63
0.935/0.940 0.08 0.08 0.07 0.14 0.38 0.10 0.38 0.77 1.67 3.33
___________________________________________________________

(see Table I). The resulting error in remote sensing of water
vapor using the additional channels is estimated to be 4-7’%.
Note that remote sensing of the variation of water vapor from
day to day would be more accurate, since usually the surface
reflectance varies much slower as a function of time than the
amount of water vapor in the atmosphere.

B. Uncertain~ in the Sensor Calibration

The columnar amount of water vapor is derived from a
ratio or ratios of radiances. Therefore, its accuracy depends on
the precision of spectral calibration. The MODIS calibration
goals call for spectral precision better than 1.0% at half scale
[28]. For a ratio of two channels, a 1% error between spectral

channels, corresponds to 1Yo error in the function TW and,
from (4) and Table II, a 2-490 error in the amount of water
vapor. For a three-channel method, the error in TW, due to
uncertainty in the sensor calibration will be somewhat larger:
1.5%, resulting in an error in the water vapor concentration

of 3–6V0.

C. Efiect of Mixed Pixels and Subpixel Clouds

Subpixel clouds affect the derivation of water vapor in two

ways: by constituting subpixel elements, and by screening
the water vapor located under them. Since most of the water
vapor is under the cloud layer, the cloud free water vapor will
be underestimated by error equal to the fraction of the pixel
occupied by the subpixel clouds. For a 1-km spatial resolution,
clouds smaller then 500 m in diameter probably cannot be
detected, resulting in an average of 5% in the remaining
cloud fraction [34] and a corresponding underestimation of
the amount of water vapor of up to 5%. In order to decrease
the error resulting from subpixel clouds, the high resolution
MODIS channel (250 m) can be used to detect clouds. It is
expected that the fraction of undetected clouds in the 250 m
channels is less then lYo, and the resulting error in water vapor
derived from the 1 km data should be less than 1%.

The effect of subpixel clouds on remote sensing of water
vapor depends also on the relationship between the detected
radiances and the surface reflectance. If the relationship be-
tween the radiance and the surface reflectance would be linear,
than the average reflectance (weighted between the subpixel
clouds and the surface) could represent the effective reflectance
of the pixel. In this case the derived water vapor would
represent correctly the average precipitable water vapor above
the surface and the subpixel cloud (there is still error due to
water vapor screened under the cloud).

Nonlinearity between the apparent reflectance (p’) and the

surface reflectance (p) arises from multiple reflections between
the surface and the atmosphere (s) [7]:

p* = pO + td,tuL
l–sp

(11)

where p. is the atmospheric reflection function (the appar-

ent reflectance for zero surface reflectance), td and tu are
the downward and upward total transmissions through the
atmosphere. The norilinearity in p* is [7]:

Ap”
— = Sp.

P*
(12)

For p = 0.3, and a typical value s = 0,03 the nonlinearity

is around 190. If the average contrast between the elements
that comprise the pixel is around 0.1, the resultant error in
the nonlinearity is 0.3%, and the corresponding error in the
derived water vapor 0.7%. This small error can be considered
as an upper limit to the error estimate.

D. Effect of a Shift in the Channel Location

The effect of a shift in the channel location, can be deduced
from the difference (AT; – ATW), each given in Figs. 5(b) and
(a), respectively. The relative change in the value of TW due to
a shift of A1 nm for the 0.915-0.965 ~m channel is NO.01. It is
expected that the MODIS channels in the near IR will be stable
within 1–2 nm (Salomonson, private communication) or that
a possible shift in the spectral characteristics of the filter can
be detected within 1–2 nm. This” uncertainty can correspond
to uncertain y in TW of 0.01–0,02, and in the derived water

vapor of 1–2Y0.

E. Uncertain in Pixel Registration Between

Several Spectral Channels

Errors in pixel registration between the different spectral

channels is expected to be smaller than 10% (Salomonson,
private communication). This difference may result in a change
in the difference between the average reflectance of a pixel

between two channels of 0.01, resulting in an error in TW of
x3%, and an error in the derived water vapor of 6-12%. This
is a rather large error and can be decreased by averaging a
group of pixels (3 x 3) thus reducing the error to 2–3%.

F. Uncertain@ in the Atmospheric Temperature

and Moisture Profile

The uncertainty in the relation between the atmospheric
temperature profile and the moisture profile may affect the
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relationship between the total precipitable water vapor and the
vertical transmission. ~is is due to the dependence of the
shape of the water vapor absorption band on temperature. As
a result the same amount of water vapor in two layers of
different temperatures will have different absorption proper-
ties. In order to estimate the effect of this source of error,
the transmission through the same total precipitable water
vapor was computed (Tanr6, private communication) for two
atmospheric temperature profiles corresponding to the U.S.
standard and Tropospheric model. For the 0.915-0.965 ~m

channel the transmission of a round trip in the atmosphere,
changed from 0.353 to 0.347, and for the 0.89-0.92 pm
channel from 0.609 to 0.605. Since TW is proportional to the
transmission, it corresponds to an error in TW of 1,7% and
0.770, respectively, and error in the derivation of water vapor
of 5% and 2Y0, respectively. These errors are significant and
can be reduced to an error of x 1% by using temperature profile
that fits the conditions of measurements, or a profile derived
simultaneously from the EOS platform.

G. Effect of Haze Particles

The effect of haze on remote sensing of water vapor depends

on the magnitude of the surface reflectance. In Fig. 8 the
spectral upward radiance is plotted for two surface covers:
a bright grass and a darker clay, and for two concentrations

of haze, corresponding to risibilities of 23 km and 5 km for
the rural model. In the atmospheric windows haze attenuates
reflected solar radiation, thus decreasing the detected radiance.
It also scatters direct solar light into the sensor, thus increasing

the signal. The net effect of the haze depends on the value of
the surface reflectance [7]. For the bright grass — attenuation
dominates (Fig. 8(a)), while for the dark clay, the radiance is
larger for the hazy conditions due to the dominant scattering
effect (Fig. 8(b)). Scattering by the haze particles increases
the average path length of photons in the atmosphere, as a
result in the water vapor absorption bands there is an increase
in the probability of absorption by water molecules. Due to
the combination of these three effects, denser haze decreases
the radiance in the strong water bands (around 0.94 pm)
while increasing the radiation in the less absorbing bands

(around 0.905 #m) and in the window bands. As a result
neither the three-channel method (were the radiances from the

atmospheric windows are interpolated for the water absorption
band), nor the two-channel method do eliminate the effect of
haze.

In order to find the errors in remote sensing of water
vapor, due to uncertainty in the amount of haze, the apparent
reflectance is simulated for four LOWTRAN haze models:

rural for visibility of 5 km and 23 km, urban for visibility of
5 km, and maritime for visibility of 23 km. In these models;
most of the haze and water vapor is located and mixed in
the boundary layer. The uncertainty in the visibility, and in
the corresponding total vertical burden of the haze, spreads
the values of the apparent reflectance ratio, thus doubling

the resultant errors. As an example for 4.1 cm of water,
the transmission for the four haze models is between 0.26
and 0.31. Note that a reduction to 5-km visibility represents

WAVELENGTH (m)

(a)

WAVELENGTH (yin)

(b)

Fig, 8. The spectral upward radiance plotted for two surface covers: (a)
bright grass and (b) darker clay, and for two concentrations of haze, corre-
sponding to risibilities of 23 km and 5 km (Midlatitude summer atmosphere).

extreme haze conditions. In most cases the haze variability is
much smaller, and may be accounted for, in the “MODIS era,”

by estimating the amount of haze from the visible and near IR
atmospheric windows [18], [31].

For the rural and maritime models the aerosol particles
are generated at the Earth’s surface, which is also the source

of water vapor. Urban or anthropogenic aerosol is generated
from gas to liquid chemical conversions in the boundary layer,
where the water vapor molecules are of largest concentration.
The lifetime of aerosol particles and water vapor are also

similar, since both are determined mainly by cloud processes.
Therefore, for these models, it is reasonable to assume that the

aerosol and water vapor have the same vertical profile. Strong

fires [19], [20] and dust storms [24] generate aerosol particles

that are injected into layers located above the boundary layer.
In this case the different water vapor and aerosol profiles

may generate large errors in the retrieved water vapor. The
high aerosol layer increases the upward radiance in the water
vapor band relative to the radiance in the window bands.

As a result the ratio TW increases, causing an interpretation
of a significantly reduced amount of water vapor. Even for
a moderate optical thickness of the smoke or dust layers
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TABLE IV
ERRORSINTHEDERIVEDAMOUNTOFWATERVAPORFORNADIR VIEW AND WATER VAPOR AMOUNT OF4.1 cm. THE ERRORSARE GIVEN

FORTHEDIRECTDERIVATION.USINGTHE” WINDOW” CHANNEL (0.865 pm), ANDTHEWATER VAPOR CHANNEL(0.940 ;t m),

AS WELL AS WITHTHEASSISTANCEOFADDITIONALMODIS CHANNELSTHATCAN BE USEDTO REDUCETHEUNCERTAINTIES.
______ ————______ —————___ ~- —---- ~—-—--———- 7—T—-——————

error source direct using addttlonal description of the
extra

derivation MODIS channels
MODIS channels

T~&G~–FeQGSiCci–oT ‘ti-e-s-ti~a–@-~.670-
sensor calibration 3.0%
mixed pixels 0.7%

i“
sub ixel clouds 5.0%
slu m the channel location 1.5%
pixel registration 2.5%
temperature and moisture profile
hsze effect 6.0%

.———-__—-____—
5.5%
3.0%
0.7%
1.0%
1.5%
2.5%
4.0%
2.0%

220 m channels

1.0% IR channels
visible channels

———-.
NDVI

'----------------------i5%-----7%--------------------------r.m.s. error
———--———___________________________________________________

TABLE V

COMPARISONBETWEENWATERVAPOR (cm) DERIVEDFROMAVIRISDATA USINGTHETWO-CHANNELRATIOINGTECHNIQUE,THETHREE-CHANNEL
RATIOINGTECHNIQUE,AND THE CURVE-FITTINGTECHNIQUE,TO RADIOSONDESAND MICROWAVERADIOMETERMEASUREMENTS

________ ———--__ -— ——--— ———--— ———- ,———- ———--— ——-——————————————
Location/ date In situ In situ curve 2 channel 3 channel

inatrmnent measurement fitdng ratio ratio
_________________ ————_____--- ———-————————-- ———-————————————
Rogers Dry Lake,CA radiosondes 2.8N.2 2.8M.09 2.61H.2 2.6W.1

Aug. 31,1983

PlattevillerCO microwave 0.6W.2 0.67M.02 0.58M.04 0.6W.03
March 22,1990 radiometer

Denver, CO microwave 0.67M.2 o.5m.03 0.5M.05 0.67+0.03
March 22, 1990 radiometer

-----------------------------------------------------------

(optical thickness = 0.2) the apparent precipitable water vapor
for the 0.94 ~m channel can be lower by 20-25% from
the real amount. For the weaker absorption channel (0.905

~m) the effect is lower (5–10’%) due to the lower difference
between the upward radiance in the absorption band and in the
window bands. This erroneous interpretation of precipitable
water vapor can be avoided by detection of smoke and dust,

as currently planned to be done from MODIS [21]. Substantial
difference between the derived water vapor from the two
channels, can be also an indication of contamination by high
level aerosol.

H. Error Budget

In Table IV, the errors are summarized for nadir view and
water vapor amount of 24 cm. For off-nadir view or lower
amounts of water vapor the errors are larger, as described in

the previous section. Note that the use of additional MODIS
channels reduces the overall error from 13% to 7Y0. The
precision of remote sensing of water vapor, may be improved,
by “calibrating” the surface spectral properties by a com-

parison of the reflectance ratio used for very dry conditions
TW(935/940) to the reflectance ratio used for normal conditions
TW(940/865). This comparison may result in an update of the
coefficient a as a function of location for a given period of
time.

IV. APPLICATIONTO AVIRIS DATA

In previous sections, simulated radiances with LOWTRAN-

7 using surface reflectance spectra were used to demonstrate

the feasibility of a two-channel ratioing technique for remote

sensing of water vapor in the near IR from EOS MODIS.
In this section, the two-channel ratioing technique is applied

to spectral data collected by the Airborne Visible Infrared

Imaging Spectrometer (AVIRIS), a precursor to the future

satellite instruments, HIRIS. For comparison, a three-channel

ratioing technique is also applied to the same data.

AVIRIS images the Earth’s surface in 224 spectral channels

approximately 10 nm wide, covering the spectral region from

0.4 to 2.5 pm, from an ER-2 aircraft at an altitude of 20

km, with a swath width of approximately 12 km. The ground

instantaneous field of view (GIFOV) is 20 x 20 m. Complete

descriptions of the AVIRIS instrument, including radiometric

calibration and data processing, are given by Vane [33]. A

method for quantitative retrievals of column atmospheric water

vapor from AVIRIS data with a spectral curve fitting technique

has been described by Gao and Goetz [10].

Several sets of AVIRIS data were used in calculations of

two-channel and three-channel ratios. The resulting ratioed

images were examined to see the effectiveness of ratioing

techniques in removing surface reflectance effects. The loca-

tions and dates of the AVIRIS data are given in Table V,
together with results from several remote sensing algorithms

and in situ radiosondes and microwave water vapor radiometer

measurements. In the following, the Rogers Dry Lake data

set is used as an example to describe the channel ratioing

techniques and the methods of retrieving water vapor amounts.
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Fig. 9. (‘a) an image of Rogers Dry Lake, CA processed from radiances of one AVIRIS channel centered at 0,865 pm, (b) a
two-channel ratioed image, and (c) a three-channel ratioed image.

Spectra of individual pixels near 1 ~m measured over

Rogers Dry Lake, have typically SNR’S of 50. In order to

increase SNR’S, the spectral data were averaged on a 4 by 4

pixel basis (16-pixel average). The spatial averaging increases

the SNR by a factor of 4 and increases the GIFOV to 80 x

80 m. Fig. 9(a) shows an image of Rogers Dry Lake. This
image was processed from radiance values of one AVIRIS

channel centered at 0.865 &m. The brightness over the scene
varies significantly because of the very different reflectance

of surface targets. The variation of surface elevation over the

scene is less than 50 m. In the sites there is no vegetation.
In our data analysis, the AVIRIS radiance spectrum is

divided by the solar radiance curve above the atmosphere [15]

to remove the effects of the slow variation of solar radiance

with wavelength. The resulting spectrum is referred to as
the “apparent reflectance spectrum.” The apparent reflectance

of several AVIRIS 10-nm wide channels were averaged to

simulate broader MODIS channels. Specifically, for the two
channel ratioing, five AVIRIS channels centered at 0.923,

0.932, 0.942, 0.951, and 0.961 ~m were averaged to give one

MODIS water vapor channel with a bandpass of 0.918-0.966

Km. The resulting mean apparent reflectance is referred to
as p~. Three AVIRIS channels centered at 0.856, 0.865, and
0.875 ~m were averaged to give one MODIS channel with
a bandpass of 0.851-0.880 flm. The resulting mean apparent

reflectance is referred to as p;. Fig. 9(b) shows the two-channel

ratioed image (p; /pj). The features in this image show much
less contrast than those in Fig. 9(a). This demonstrates that the

two-channel ratioing partially removes the surface reflectance

effect. The major surface features seen in Fig. 9(a), however,

are also seen in Fig. 9(b). This is because the small slopes
of spectral reflectance curves of different surface targets are

slightly different, and the two-channel ratioing does not allow

the complete removal of surface effects. Ideally, if reflectance

of different surface targets remain constant in the 0.85-0.97

pm region, the two-channel ratioing would remove the surface
effects.

Fig. 10(a) shows the statistical distribution of the two-
channel ratioed image. Two peaks are evident. The mean of

the ratios is 0.42 and the standard deviation is 0.013. Column
water vapor values were derived from the channel ratios

using the following methods. A spectrum was first calculated

with a spectral model [10], using atmospheric temperature,

pressure, and water vapor volume mixing ratioing profiles
measured by a radiosondes released one hour prior to the

AVIRIS overflight. The spectrum was them convolved with the

AVIRIS’ instrument function. A channel ratio was calculated

from the convolved spectrum. Similar spectra and channel

ratios were calculated with different scale factors applied
to the water vapor volume mixing ratio profile. A table of

channel ratio as a function of column water vapor amount
was compiled. Finally, the column water vapor values of the

two-channel ratioed image were obtained using a lookup table

procedure. Table I shows that the mean soil reflectance at 0.94
#m is 2.3% brighter then that at 0.86 ~m. This mean spectral
dependence of the soil reflectance is taken into consideration,
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applications of the AVIRIS data, the results from the ground 
truth (radiosonde or microwave radiometer) as well as the 
results from the curve fitting technique [lo]. The two-channel 
ratioing technique underestimates the amount of water vapor 
derived from the ground truth by 0.14 cm in average. Note 
that the uncertainty in the ground truth itself is 0.1-0.2 cm. 
The three-channel ratioing technique estimate was lower by 
0.11 cm in one case and almost equal to the ground truth 
in other two cases. Recent comparison between column water 
vapor measured by 3 radiosondes and a microwave radiometer 

in Wallops Island, VA (R. Ferrare, private communication) 
showed an average deviation of +lO% between these four 
instruments for a range of water vapor of 0.5-2.3 cm. 
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Fig. 10. (a) Statistical distributions of two-channel ratios corresponding to 
Fig. 9(b), and (b) statistical distributions of three-channel ratios corresponding 
to Fig. 9(c). 

in the derivation of water vapor. The mean column water vapor 
value for the Rogers Dry Lake AVIRIS scene was 2.61 cm, 

which is 9% smaller than the 2.8 cm column water vapor value 
measured with the radiosonde. The standard deviation of water 

vapor values over the entire scene was 7.5%. 
For comparison, column water vapor values were also 

derived using a three-channel ratioing technique. The methods 
of channel averages and derivation of water vapor values 

from three-channel ratioed image are similar to those of two- 

channel ratioing described above. The three channels pi, pk, 
and p;, have bandpasses of 0.8.51-0.880, 0.918-0.985, and 

1.023-1.052 pm, respectively. The center of ph is located 
exactly at the midpoint between pi and pi. Fig. 10(c) shows 

the three-channel ratioed image (2pi)/(pi + pi). Surface fea- 
tures are almost indistinguishable in the image. By comparing 

Fig. 9(c) with Fig. 9(b), it can be seen that the three-channel 

ratioing does a better job of removing surface features than 
the two-channel ratioing for the Rogers Dry Lake scene. Fig. 

10(b) shows the statistical distribution of the three-channel 

ratioed image. Unlike Fig. 10(a), the double peak is not 
obviously present in Fig. IO(b). The mean of the ratios is 
0.498 and the standard deviation is 0.006. The mean column 

water vapor value derived from three-channel ratios is 2.69 
cm, approximately 4% smaller than the value measured with 

the radiosonde. The standard deviation of water vapor values 
over the entire scene is 3.7%. Table V summarizes the results 
of the two and three chanhels ratioing technique for the three 

The three near-IR water vapor channels on the proposed 

MODIS instrument on the NASA’s Earth Observing System 
will enable remote sensing of the total column water vapor 
(in cloud free conditions) with absolute accuracy of *13%, 
or 27% if additional MODIS channels are used to decrease 
the effect of uncertainty in the spectral reflectance of the 
surface, subpixel clouds, haze and temperature profile on 

the derived water vapor. A higher precision is expected 
for monitoring the spatial variability of water vapor and its 
variation with time. Reflectance ratios for several channel 
combinations were tested, showing the applicability of each 
ratio to a given range of the water vapor content. A comparison 
between the total precipitable water vapor derived from each 

water vapor channel can be used to the consistency of the 
remote sensing procedures. The total precipitable water vapor 
values with global coverage may have important applications 
in meteorology and hydrology. Combination of the derived 
total column water vapor, with a resolution of l-5 km, with 
remote sensing of other Earth and atmospheric parameters by 

MODIS, such as temperature, vegetation, clouds and aerosol, 
will enable an intensive study of the environment and the effect 

of human activity on climate change. 
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